Phase diagrams and liquid -liquid equilibrium (LLE) data for aqueous two-phase systems (ATPSs) containing zinc sulfate, magnesium sulfate or aluminium sulfate and polyethylene glycols PEG 300, 400 and 600 have been determined at 298.15 K. It was attempted to show how the PEG molecular weight and the type of cation influence the binodal curve, tie line length (TLL) and slope of the tie line (STL). The results have shown that as the PEG molecular weight increases, the two-phase region becomes extended and the binodal curve shifts to the origin. The refractive index and density of ternary (PEG 300,400 and 600 + zinc sulfate/magnesium sulfate/aluminium sulfate + water) systems have been measured to achieve the phase composition and the tie lines. Finally, the effective excluded volume (EEV) model was applied to describe the salting-out ability of the systems. The LLE data from this research may be potentially used for recovering biological molecules like proteins.
Effects of the polymer molecular weight and type of cation on phase diagrams of polythylene glycol + sulfate salts aqueous two-phase systems
INTRODUCTION
Aqueous two-phase systems (ATPSs) are used in liquid-liquid extraction that was first introduced by Beijerinck in 1896; then, Albertsson used these systems to recover biological molecules like proteins and cells [1] . Use of ATPSs has been favored as an effective separation method because of simple scale-up [2] , economic effectiveness [3] , simple operation as a continuous process [4] , reduced interfacial tension [5] , short processing time [6] , low energy consumption [7] , good resolution [8] , high yield [9] , comparatively high load capacity [10] , and selective extraction [11] . Thus, applying ATPSs would be useful for various industries including biotechnology, petroleum, paint, adhesives, and pharmaceuticals [12] . Polyethylene glycol (PEG) is a low toxicity, inexpensive, odorless, neutral, hydrophilic and biocompatible polymer that dissolves in water; it has been applied efficiently in ATPSs [13] . Therefore, there are numerous liquid -liquid equilibrium (LLE) data in literature for systems consisting of PEG (of different molecular weights) and a salt such as PEG (2000, 6000, and 10000) + sodium nitrate at 298.15 K [14] , PEG 4000 + disodium tartrate at 298.15-318.15 K [15] , PEG (600, 1000, 2000, 4000, and 6000) and sodium citrate at pH (6, 7 , and 8) [16] . Also in our previous work we have reported LLE data for PEG 3000 + trisodium citrate [17] , PEG 1500 + zinc sulfate [18] , PEG 3000 + potassium formate [19] , PEG 1500 and 6000 + di-potassium tartarate [20] , PEG 3000 + tri-potassium citrate [21] and PEG 600, 1500, 3000, 6000 + sodium formate, potassium formate [22] . In literature, only a few LLE experimental data for the system PEG (of lower molecular weights than 1000) + sulfate salts + water is available [23] . PEG and its chemical derivatives of low molecular weights differ significantly from those PEG s of higher molecular weights in their physicochemical properties, biological effects on cell permeability and their absorption and excretion, as well as their higher toxicity and possibly genotoxicity [24] . One important point of application of these systems is in complexed biopolymers for nanoencapsulation purposes [25] [26] [27] [28] .
To the best of our knowledge, reports on LLE data for ATPSs with PEG 300, 400, and 600 -zinc sulfate, magnesium sulfate or aluminium sulfate do not exist. Consequently, in the current study, phase diagrams for the above ATPSs were measured. In addition, effects of the PEG molecular weight and type of cation on the binodal curve, tie-line length (TLL), and slope of the tie line (STL) were investigated. Also, the calibration curves were used as an analytical technique to determine the phase composition and the end of the tie line. Accordingly, the binodal curves were satisfactorily correlated by the Pirdashti equation [22] . Finally, the effective excluded volume (EEV) model was applied to describe the salting-out ability of the systems.
EXPERIMENTAL

1. Materials
To prepare the materials, PEG with average molecular weights of 300, 400, and 600 g mol -1 were obtained from Merck (Darmstadt, Germany) and zinc sulfate, magnesium sulfate, and aluminum sulfate were obtained from Sigma Aldrich (Dorset, UK), all with minimum purities of 99.5 % by mass. These substances were used without further purification. Distilled deionized water (conductivity=17.5 µS cm ) was used for preparation of the solutions. The chemical name, CAS number, source, purification method and purity that provided by producer company are shown in Table 1 . 
Determination of the binodal curve
To achieve the binodal curve, the cloud-point titration method [17] was used. All tools in these experiments were similar to the research of Pirdashti et al. [22] ; PEG solutions were used to titrate a salt solution with a known concentration (or vice versa); it was stirred gradually until a cloudy solution was reached. The procedure was repeated to reach other binodal points. The mixture composition was determined by using an analytical balance (model GF300, A&D, Japan) with a precision of ±10 -4 g.
3. Determination of tie lines
The tie lines were achieved by designing the equilibrium set according to the method explained earlier by Pirdashti et al. [17] . To specify the tie lines, suitable amounts of PEG, salts, and water in a 15 mL graduated cylinder at a chosen PEG molecular weight were mixed to have the feed samples (about 10 g). The mixture was stirred for 5 min and then placed in a thermostated bath with a temperature control by a thermostat (Julabo, Germany) with an accuracy of ±0.05 K. Then, to ascertain that the equilibrium is reached and separated into two clear phases, the samples were left to settle for at least 2 h. A centrifuge (HERMLE Labortechnik GmbH Z 206 A, Germany) was used to centrifuge the tubes at 6000 rpm for 5 min to separate the resulting phases; no turbidity was observed, and the top and bottom samples were separated easily. Finally, the concentration of PEG and salt was specified by measuring the density and refractive indices in the top and bottom phases.
The TLL was determined based on experimental measurements of the compositions of the two phases by using the following equation:
Where w p and w s indicate the mass fraction of PEG and salt, respectively. The top and bottom phases are designated by superscripts "top" and "bot", respectively. The ratio of the difference between the concentrations of the polymer and salt in the top and bottom phases allowed the STL calculation by the equation:
4. Binodal curve and TLL correlation
The present system may be useful for commercial applications when considering PEG and salt relationship at the binodal curve. The binodal curves were fitted to the Pirdashti equation [22] :
Here, a, b, and c are the fitting parameters while w p and w s are the polymer and salt mass fractions, respectively. Next, the resulting binodal data were correlated by using least-squares regression.
As specified by Guan et al. [39] , it is possible to determine the salting-out strength of the salt by the effective excluded volume (EEV). Also, the EEV should match the average size of PEG molecules and thus match the weightaverage molecular weight of the polymer. It was shown that the larger the molecular weight of the either phase-forming polymer larger is the EEV. Phase formation in the ATPSs is greatly affected by the EEV. Thus, it would be practically useful to establish the link between the EEV and solute volumetric properties since the latter can be easily measured and the former determines the coexistence curve in two-phase systems.
The binodal equation for the aqueous polymer-salt systems can be defined by the following equation [39] :
where M p and M s represent the molecular weights of the polymer and salt, respectively. Also, w p and w s are the mass fractions of two phase-forming species along the binodal respectively. V* stands for the EEV of the polymer in the aqueous solution of the salt [39] .
5. Analytical methods
According to our previous work [19] , refractive index (n D ) and density (ρ) of binary (PEG + water, salt + water) and ternary (PEG + salt + water) systems at 298.15 K were measured to determine the compositions in both phases (Supplementary Table S1 ). A refractometer (QUARTZ RS-232, Ceti, Belgium) with an accuracy of 0.0001 n D and an Anton Paar oscillation U-tube densitometer (model: DMA 500, Graz, Austria) with a precision of ±10 -4 g cm -3 were used to measure the refractive index and density, respectively. Eq. (5) was used to calculate the refractive index and density as a function of salt and PEG concentrations at 298.15 K.
In eq. (5), Z stands for the physical property (density or refractive index), w p and w s stand for the mass fraction of PEG and salt, respectively, and the fitting parameters are shown by a 0 , a 1 , and a 2 .
6. Statistical Analysis
All data were measured twice, and the mean values were reported. The practical data then were fitted to the respected equations by least-squares regression using solver add-in extension implemented to Microsoft Excel 365 TM (Microsoft, USA).
RESULTS AND DISCUSSION
1. Binodal curve
The binodal curve data of the systems PEG 300, 400 and 600 + zinc sulfate/magnesium sulfate/aluminum sulfate + water at 298.15 K are presented in Tables 2 -4.  Tables 2-4 display the compositions of the phases involved as the PEG molecular weight was varied at 298.15 K. Also, the effects of the molecular weight are shown in Figure 1 and Supplementary Figures S1 and S2. It was observed that increased molecular weight of PEG resulted in biphasic formation at lower concentrations of the polymer and salt. Larger heterogeneous regions were recorded for the PEG 600−salt than for PEG 300, 400−salt ATPSs. This finding was predictable since by increasing the polymer molecular weight, hydrophobicity is increased, and water solubility decreases that results in the polymer salting-out. Increased density resulted in insignificant variances in the binodals. Lower density probably affects the decision to choose certain PEG. Also Figures 2-4 show the experimental binodal data compared to the data reported in literature [29] [30] [31] [32] [33] , which show that by using a higher molecular weight polymer, two phase region becomes smaller. Figure 2 . LLE data for systems composed of PEG 300, 400, 600 (present work) and 1500 [24] and 8000 [23] + MgSO 4 Figure 3 . LLE data for systems composed of PEG 300, 400, 600, 4000 [25] , and 6000 [26] Figure 5 shows the effects of salting out of the cation (i.e. aluminum, magnesium, and zinc cations) in two-phase systems of PEG 300 and sulfate salts. According to the Figure, we find that this effect increases as follows: Mg 2+ < Zn 2+ < Al 3+ .
2. Effects of the salting-out ability of cations on the binodal curve
Figure 5. The effect of salting out of the cation in two-phase systems of PEG 300 and sulfate salts
The effect of salting out of cations can be justified based on the Hofmeister series. Cations that have the greatest such effects (exhibiting strong interactions with water molecules) are known as structure-makers or kosmotropes. Table 5 and 6 show how the PEG molecular weight and salting-out of salts influences the equilibrium phase compositions, the slope, and length of the tie lines based on the PEG 300 + zinc sulfate/magnesium sulfate/aluminum sulfate + water systems. As the salt cation is more kosmotropic, the TLL and STL are greater, resulting in a larger two-phase region, and validity of this conclusion is confirmed by these numbers presented in Table 6 . The ability of salting out of aluminium cation is higher than those of zinc and magnesium cations, shifting a two-phase curve to the lower part, while the length and slope of the tie line is higher than those of the other cations. Such behavior has been observed in other related work [34, 35] . Table 5 shows the tie line compositions for the PEG 300 + sulfate salts ATPSs that were experimentally determined. Al 2 (SO 4 ) 3 proved to be the most effective in ATPS formation, providing the greatest heterogeneous region in the phase diagram (Fig. 6) . A thermodynamic approach using the Gibbs free energy of hydration (ΔG hyd ) has been used to Table 5 shows that the increased kosmotropic power of cations led to the increased slope and length of tie lines [36] . In similar studies [37, 38] , the cause was attributed to the likely decrease in the thermodynamic volume, and a more compact structure of polymer chains in water. To highlight the involvement of salting-out in the equilibrium phase composition, Figure 6 shows the data of the tie lines, clearly indicating extension of the biphasic region as the kosmotropic power of the cation is increased. Table 7 shows the constants in the Pirdashti equation (eq. 3) along with the corresponding R 2 values, determined by the regression analysis of the binodal data for different polymer molecular weights R 2 at 298.15 K. (3) for correlating the binodal curves of the study systems, which is also shown in Figure 1 .
Tie-line data
4. Binodal curve and tie line data correlation
As presented in Table 8 , our experimental binodal data helped us to obtain the EEV values for the investigated salts by using the eq. (4) and a nonlinear least-squares regression method. The findings showed that the EEV increases and salting-out effects of a cation are related in parallel. This is supported by the strong theoretical background (statistical geometry), which allowed evaluation of the salting-out effects of different salts. Finally, it was shown in literature that both studied equation models (eq. 3 and eq. 4) were successful for association of binodal data from polymer/polymer and polymer/salt ATPSs [39, 40] . In other words, for the same salt in the studied systems, the greater the value of the V* parameter shows that it would be easier to extract PEG from the salt-rich phase to the PEG -rich phase, and consequently the higher phase-separation ability of the system is expected. This result is consistent with the previous studies, in which the larger V* value was associated to the higher salting-out ability [41] . 
CONCLUSION
New LLE data and tie line compositions for the systems PEG (300, 400, and 600) + zinc sulfate/magnesium sulfate/aluminum sulfate + water at 298.15 K were determined. Moreover, it was shown how the salting-out of cation influences the phase equilibrium data for the systems PEG 300 + zinc sulfate/magnesium sulfate/aluminum sulfate + water. A direct relationship was found between two-phase area expansion and the increase in the PEG molecular weight, which is likely caused by the salting-out effect. The improved salting-out ability of cations led to the increase in the STL and TLL values. It could be concluded that changes were observed in the STL due to the water movement from the top to the bottom phase. Additionally, the results showed that EEV values of aluminum sulfate > zinc sulfate > magnesium sulfate. The results are potentially useful in biological systems and the additional research is recommended for applications of the LLE data for recovering biological materials. 
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